INTRODUCTION
Many human diseases are complex traits influenced by multiple genes and environmental factors. Recent evidence suggests that there are a very large number of loci causing inherited variation in complex traits. For instance, traits as diverse as stature (1, 2) , schizophrenia (3), cognitive stability over time (4) , cardiovascular disease (5) and rheumatoid arthritis (6) all show highly polygenic patterns of inheritance. However, the identified variants typically explain less than the total genetic variance for traits (i.e. there is 'missing heritability'). For instance, the 180 single-nucleotide polymorphism (SNP) variants identified for human height explain only 10% of the phenotypic variance, although the heritability from family studies is 80% (1) . One explanation for the discrepancy is that many variants have small (real) associations with height but these do not reach statistical significance. When all markers are used in a mixed model approach, markers explain 50% of the genetic variance for height (2) and ,50% of the genetic variance for other traits (2, 7) . Possible explanations for the remaining discrepancy include inflated estimates of the family-based genetic variance because of non-additive genetic effects (8) and incomplete linkage disequilibrium (LD) between causal mutations and SNP markers on commercial chips (2) . An inability to associate molecular variants with complex traits restricts the ability to predict disease risk from genomic information (9) . In this review, we focus on two aspects of the genetics of complex traits-understanding the patterns of inheritance and predicting genetic risk (or genetic value) from genomic markers. We do not focus on a particular trait or human disease but rather highlight insights from research in dairy and beef cattle which may be useful for understanding and predicting complex traits in humans.
What can research from cattle add to these two topics? Like all model organisms, cattle have advantages and disadvantages compared with humans and with other model species. The pedigree structure of cattle is a distinct advantage which allows a more precise dissection of effects underlying complex traits and reduces some confounding common in human data. For example, it is easier to study a genotype by environment interaction for large half-sib families in cattle than in humans. The degree of polymorphism in cattle is similar to humans (10), but the level of LD is different because cattle (Bos indicus and B. taurus) have factors including domestication, breed formation and selection influencing their recent histories (Fig. 1) . This means that the effective population size (N e ) for cattle has dramatically contracted over time where, in contrast, human N e has greatly expanded, particularly for nonAfrican populations (11) (Fig. 2) . Thus, LD within cattle breeds extends to longer distances than in humans but, by including or excluding breeds or subspecies of cattle, we can manipulate the LD within a cattle population. The LD pattern in cattle is more similar to humans than that of other model species, such as mice or dogs (10). Finally, the effects of intense selection in dairy and beef cattle are easier to study than the weaker (natural) selection in human populations.
Prediction of the genetic value for complex traits has been studied by cattle geneticists for decades. This is of key interest for breeding and to select the animals best suited to beef or dairy production. In the past, prediction was based on the pedigree and phenotype, but recently, methods have been extended to include genomic data with the advent of genomic sequence and assemblies (12) (13) (14) , and a variety of commercially available SNP chips (15, 16) . The problem of predicting the genetic value is not dissimilar to predicting disease risk in humans, either using family information or from genomic variants. Recent innovations on trusted methods from cattle (and other livestock) have led to approaches which are now finding applications in the study of human genetics (e.g. 2) .
In this review, we first consider the insights from cattle into the genetic architecture of complex traits and then methods for predicting the genetic value.
UNDERSTANDING INHERITED VARIATION IN COMPLEX TRAITS
The proportion of the phenotypic variance due to additive genetic effects is referred to as the narrow sense heritability (i.e. h 2 ) (17). In cattle, heritability can be estimated from the similarity of paternal half sibs raised in different farms and such estimates are unlikely to be significantly inflated by nonadditive variance or common environmental effects. Additive genetic variance has been recorded for many, if not most, measurable and described characteristics of cattle. For example, traits include body weight (18) , milk yield (19) , intramuscular fat (20) , fatty acid composition of milk (21) , resistance to bacterial infection (22) and even behavioural characteristics (23) . Although h 2 estimates vary from trait-to-trait, typically they are non-zero and lower for life history (such as fertility, h 2 0.1) than for morphological traits (such as body weight, h 2 0.4) (18). Genome-wide association studies (GWAS) indicate that most investigated complex traits are influenced by many loci throughout the genome (24) (25) (26) (27) (28) . Some suggest a minimum of 400 -4000 effective loci for milk and disease resistance traits (29, 30) . If there are a large number of loci of mostly small effects for complex traits, this indicates that selection response for milk and meat yield will be primarily driven by small changes in allele frequencies for causative mutations. Several studies have searched for evidence of selection in the bovine genome (31) (32) (33) (34) and revealed a range of chromosomal regions under positive selection. Often, selection signatures incorporate known major loci for production traits or loci for traits such as coat colour. However, selection response has been recorded for many generations and often there is little or no decline in additive genetic variance (35) (36) (37) . If major 
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Human Molecular Genetics, 2012, Vol. 21, Review Issue 1 loci controlled most of the additive genetic variance then we would expect the genetic variance to decline over time as beneficial alleles were swept to fixation. Long-term selection response and the maintenance of genetic variation therefore suggest that many loci affect complex traits. GWAS data can be used to identify biological pathways responsible for genetic variation or selection response (1, 31, 38) . This provides an alternative description of genetic variation in complex traits to the usual description which is based on individual loci causing variation. Occasionally, there are reports of mutations with moderateto-large effects on complex traits (Table 1) . In each case, it is likely that these are mutations that would have been deleterious in the wild but have been favoured by some groups of cattle owners. Thus, these loci become the target of selection. For example, there are several different mutations in the myostatin gene, suggesting recurrent positive selection for lossof-function mutations in this gene. This seems analogous to positive selection for a variety of lactase mutations in milkdrinking human populations (39) . Perhaps, large-to-moderate effect mutations are more common at intermediate frequencies in cattle than in humans because domestication has changed selection pressures in cattle. Even GWAS for apparently simple traits, such as proportion of black coat in Holsteins or pigmentation surrounding the eyes in Fleckvieh, implies a few mutations of moderate effect but many more mutations with small effects because described loci are unable to explain all of the genetic variance (40, 41) . This has led many cattle geneticists to the view that all traits are complex with many mutations of small effect, but that some traits also have moderate-to-large effect mutations segregating.
Estimates of the variance explained by all SNPs in cattle suggest that there is some unexplained additive genetic variance. Studies indicate that the proportion of genetic variance captured by SNP markers in dairy cattle ranges from 35 to 80% depending on the trait and study population (42) (43) (44) . This proportion of genetic variance captured by all markers is higher than in similar studies in humans (2,3,7), but still less than unity. Estimates of the additive genetic variance are unlikely to be overestimated due to confounding environmental effects, so the 'missing heritability' is probably due to incomplete LD between causal mutations and the markers. This lack of LD can be caused by causal mutations having lower minor allele frequency than common SNP. Typically, we expect less genetic variance to be 'missing' in cattle compared with humans because LD is more extensive in cattle and low effective population size leads to fewer rare alleles.
Most evidence implies that genetic variants in cattle have small effects and act in an additive manner to influence complex traits. However, non-additive genetic variation is well known in cattle, particularly for inbreeding depression and its alleviation in the form of heterosis (17) . The nonadditive effects on life-history traits is generally more pronounced than (say) production traits (17, 45) , and it is most obvious at the extreme where recessive alleles are lethal or cause obvious defects in homozygous states (46) (47) (48) . The magnitude of heterosis changes but can be predicted from the genetic distance between the parental lines and knowledge of the rate of inbreeding depression for the trait (49) . For example, heterosis was estimated to increase milk, fat and protein yield by 3 -4% in crossbred dairy cattle (50) . The presence of heterosis indicates many loci with small dominance deviations because large deleterious mutations would be purged by natural and artificial selection during the evolution of the breed.
It is difficult to precisely estimate non-additive genetic variance (e.g. dominance and additive by additive genetic variance components) even with large pedigrees (17) , and there are few within breed estimates of these components. However, reports show that the dominance variance is typically small, i.e. ,5% of the phenotypic variance, and its relative importance compared with the additive genetic variance fluctuates (51, 52) . A small estimate for dominance variance is possible, despite significant heterosis and inbreeding depression, if many genes cause heterosis. This is because heterosis depends on the dominance deviations at each locus, while the dominance variance depends on the square of the dominance deviations. That is, the variance due to dominance is given by (2pqd) 2 ; where p and q are the allele frequencies (and p + q ¼ 1) and d is the dominance deviation, whereas inbreeding depression depends on 2pqd (17) .
Finally, cattle allow powerful tests of the genotype by environment interactions as progeny of sires can be tested in many different environments. The genetic correlation between the same trait measured in different environments in dairy cattle is generally high (i.e. .0.8) but is dependent on the definition and disparity of the environments under investigation (53) (54) (55) (56) (57) . For example, B. taurus beef breeds show a significant genotype by environment interaction when they are grazed in tropical compared with temperate environments, but not when tested within temperate climates where they are typically raised (58) . Detecting a significant genotype by environment interaction implies that some genotypes are more or less sensitive to environmental factors compared with others. There are a few reports of GWAS for environmental sensitivity, indicating that it is possible to map loci influencing this trait (59, 60) .
PREDICTING COMPLEX PHENOTYPES FROM GENOMIC INFORMATION
The biggest recent change to cattle breeding is the prediction of the genetic value using dense genomic markers (61) . The technology is particularly exciting as it has the potential to increase the rate of genetic gain by as much as 2-fold in the dairy industry (62) . Primarily, the benefits occur through the prediction of the genetic value for difficult-to-measure complex traits, such as milk yield for dairy bulls or feed efficiency in beef cattle. The prediction of these traits from DNA means that genetic evaluations can occur at birth, shortening the generation interval and increasing selection intensities for traits not normally measured on all animals. Realizing the potential benefits of genomic prediction has dominated recent research in cattle breeding. Here, we concentrate on the more relevant topic for human geneticists, that is, how to increase the accuracy of genomic predictions for complex traits. Research to capitalize on the technology through the design of livestock breeding programmes is reviewed elsewhere (e.g. 63).
Human Molecular Genetics, 2012, Vol. 21, Review Issue 1 R47
Genomic prediction (61) utilizes a genome-wide panel of markers and estimates the effect of all markers on the trait without carrying out tests of statistical significance. The estimation uses individuals with genotypes and phenotypes and applies the prediction equation in new animals with genotypes but no phenotypes (61) . A critical feature is that the marker effects are treated as random variables and are assumed to be drawn from some distribution (e.g. a t-distribution). The choice of the distribution distinguishes the method in use where, for example, if effects come from a normal distribution (the so-called 'BLUP' model), then all effects must be small and the assumed genetic architecture is (almost) infinitesimal for the trait. Other distributions allow variable selection of markers (e.g. 'BayesB'), where some markers have zero effect and some have small-to-moderate effect. A distribution which includes variable selection implies a more discrete genetic architecture. For many traits with medium-density SNP chips (i.e. 50 K), the BLUP model gives almost as high an accuracy of prediction as other models (64) . However, for traits where mutations with moderate-to-large effect segregate, models which assume a discrete distribution of marker effect predict the genetic value more accurately than BLUP (40) .
The accuracy of predicting the genetic value, i.e. the correlation between real and predicted genetic values, has reached 0.75 for some traits in dairy cattle (63) . The expected accuracy (r) when using a BLUP model is given approximately by solving (65-68)
where q = Th 2 /M e , T is the number of phenotypes, h 2 the heritability of the trait and M e the effective number of chromosome segments in the genome [ 2N e L/log(2N e ), where N e is the effective population size and L is the length of the genome in Morgans]. The formula is given in this non-explicit form because it makes the effect of the input parameters clear. For instance, it shows that higher accuracies will be obtained by increasing the sample size (T).
Critically, the accuracy of predicting the genetic value is dependent on the N e of the study population [from Eq. (1)]. This is evident when calculating the predicted accuracy for human and cattle populations (Fig. 3) . Thus, an accuracy of 0.65 can be achieved with 2500 -3000 records in cattle but 145 000 -210 000 records are required in humans because of higher recent N e . In cattle, it has been tempting to increase the number of records for a trait by including multiple breeds, crossbred and different subspecies of cattle in the analysis. This should be advantageous but has been of limited benefit possibly because of the increased N e associated with including more diverse animals (69, 70) . Across-breed predictions could also be less advantageous than expected if different loci segregate between and within breeds. Increased N e reduces the accuracy of genomic predictions by increasing the number of effective chromosome segments in the genome, so that the LD phase between SNPs and causative mutations are only consistent if the two are very close together on the chromosome. A recent study with a high-density (800 K) SNP panel and variable selection methods found a 9% increase in the accuracy of genomic predictions for Jersey cattle using a multibreed Holstein and Jersey training population compared to using a training population of Jerseys only (30) . Presumably, the increased accuracy occurrs because in the high-density Figure 3 . The large effective population size (N e ) in humans, compared with cattle, means that many more records are required to achieve similar accuracies for genomic prediction. Accuracies are calculated from Eq. (1), assuming that the heritability for the trait is 0.3, the genome length is 30 or 33 Morgans in cattle and humans, respectively, and N e is 100, 150, 10 000 and 15 000 for Holstein, Brahman, Swedish and Yoruban populations. (1)]. This assumes that the genetic variance is captured entirely by the genotyped markers. However, if only a proportion of the genetic variance is captured by the genomic markers, then accuracy for genomic prediction will be less than predicted. Genomic markers should capture all of the (additive) genetic variance if markers include causal polymorphisms affecting the traits rather than relying on LD between markers and causal polymorphisms. A recent simulation study found a 2.5 -3.0% advantage when causal polymorphisms were included in a high-density SNP panel, when appropriate variable selection methods were used (68) . Such methods should have greater value as more causal polymorphisms are genotyped, and as technology moves to prediction from genomic sequence. Higher heritabilities for traits can also be obtained by using more accurate phenotypes. Thus, in dairy cattle, h 2 is increased even for lowly heritable traits by using phenotypes which are the average of many offspring from a bull (36, 63) . Other methods to increase the accuracy of phenotypes include the use of repeated records on individuals (71), the inclusion of genetically correlated traits in bivariate analysis (43, 72) and the use of related but ungenotyped animals (73) .
CONCLUSION
Research in dairy and beef cattle over many decades describes additive genetic variation for many measurable complex traits. More recent molecular evidence suggests that this variation is due to hundreds to thousands of polymorphisms mostly with small additive effects. We observe non-additive genetic variance through inbreeding depression and heterosis and suggest that this is also caused by many loci with some degree of dominance. The prediction of the genetic value from markers is most accurate when very many, genome-wide markers are used. Genomic predictions of the genetic value in dairy cattle have reached accuracies of 0.75 for complex traits because thousands of records with both phenotypes and genotypes are used, and because phenotypes are the average of many progeny. The methodologies developed for use in cattle are beginning to be applied in human genetics (e.g. 2) and may be useful for the prediction of genetic risk in humans in the future. However, the prediction of the genetic value by genomic markers is critically influenced by N e and we demonstrate that many more records are required in humans to achieve accuracies in the same magnitude as those currently observed in cattle.
